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Abstract

Lake Erie, the shallowest of the Laurentian Great Lakes, has been historically plagued
with summertime blooms of potentially toxic cyanobacteria (Microcystis spp.) that originate in
the shallow western part of the lake (average depth 10 m). The onset of Microcystis blooms often
follow wind-driven resuspension events, indicating that internal loading of growth limiting
nutrients (mainly phosphorus, P) may stimulate cyanobacterial growth. We hypothesize that
wind-driven sediment resuspension releases particulate P (PP) in the form of organic (POP) or
inorganic phosphorus (PIP), fueling cyanobacterial growth in the water. To test this hypothesis,
we exposed replicate sediment cores from two sites in the western basin of Lake Erie (WE04,
WE08) to increasing shear stress using an erosion chamber. Our results indicate site-specific
differences in the release of PP from experimentally resuspended sediments. Sediment from the
deeper site (WE4; high sand content) released lower levels of PP compared with the shallower
site (WE8; high silt content). Laboratory culture experiments determined Microcystis can
effectively access sediment bound organic P as a growth source. Growth rates were determined
with Microcystis cultures amended with POP and PIP as well as dissolved inorganic P (DIP) and
dissolved organic P (DOP). DIP growth rates were highest followed by DOP, POP, and PIP
respectively. Potential activities of alkaline phosphatase enzymes that are used by cyanobacteria
to remineralize inorganic P from organic P complexes, also increased during the erosion
experiments and in the POP cultures. Our results indicate the potential for internal loading of PP
following wind-driven resuspension event to promote blooms of Microcystis in the western basin
of Lake Erie.

VI

1. Introduction
The health of aquatic ecosystems and the quality of the ecosystem services provided is
mainly determined by the levels of nutrient inputs and the subsequent responses of primary
producers. In many freshwater systems, phosphorous (P) is the limiting nutrient for autotrophic
growth (e.g. Schindler et al., 2008). High inputs of P into lakes through riverine runoff often
result in summertime blooms of cyanobacteria, formerly known as blue-green algae.
Cyanobacteria are photosynthetic bacteria that can grow in colonies, floating at the surface where
they form a blue-green scum several inches thick. Many cyanobacterial species pose health risks
to higher trophic levels including humans as they produce neurotoxins and hepatoxins,
commonly referred to as cyanotoxins (Carmichael, 1994). High levels of microcystins in western
Lake Erie - the shallowest and most eutrophic of the Laurentian Great Lakes (Mortimer, 1987) contaminated the drinking water supply for the city of Toledo where residents went without
water for 3 days in 2014. This and other examples make it necessary to improve our
understanding of cyanobacterial dynamics in Lake Erie and other shallow lakes.
Harmful cyanobacterial blooms in western Lake Erie are dominated by species of the
genus Microcystis (Bridgeman et al., 2013) that produce the cyanotoxin microcystin. Other
species such as Anabaena spp. are present but in much lower numbers (Chia et al., 2018). In situ
monitoring and satellite ocean color observations revealed that summertime Microcystis blooms
in Lake Erie increased in size and intensity over the last 20 years (Stumpf et al, 2012; Obenour et
al., 2014; Ho et al., 2017). The reasons for this alarming trend are not well understood (e.g.
Chaffin et al., 2014). For instance, modeling studies demonstrate a close correlation between
spring river flow from the Maumee River - a tributary river contributing the largest amounts of P
in spring to western Lake Erie - and the intensities of summertime blooms of Microcystis in the
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western basin (Stumpf et al., 2012). However, the time lag between the springtime nutrient
loading from the Maumee River and the onset of cyanobacterial blooms in mid-July when levels
of dissolved inorganic P (DIP) in the water are low, points to additional factors stimulating
summertime blooms of Microcystis in Lake Erie.
Laboratory incubations with Microcystis indicate several genetic strategies to deal with
nutrient limitations, providing it with competitive advantages over other cyanobacteria. Those
strategies include the ability to efficiently scavenge and store inorganic P (Harke et al., 2016)
and grow on organic P complexes at times of low DIP in the ambient water via enzymatic
hydrolysis of organic P (Harke et al., 2012). Hydrolytic enzymes, in general, are produced by
autotrophic and heterotrophic microorganisms to convert complex organic matter outside the cell
into smaller molecules that can be taken up directly into the cell (Chrost and Riemann, 1994).
Extracellular hydrolysis of complex organic compounds (e.g. phosphorous-containing polymers)
represents a mechanism for cyanobacteria to acquire P for growth during periods of low or
depleted DIP (Vaitomaa et al. 2002; Harke et al., 2012). Sources of organic P in Lake Erie during
early summer include zebra mussels that produce high levels of dissolved organic P (DOP) as
they filter feed (Raikow et al., 2004). In addition to DOP from zebra mussels, P may be released
from sediments as a result of wind-driven resuspension events that usually occur in the summer
(Chao et al. 2017). Timeseries data has shown that these events can occur multiple times a
season (NOAA). Settling spring blooms of green algae along with feces and pseudo-feces
produced by mussels can create high levels of POP in the sediment (Churchill et al.,2016).
Previous studies of sinking particulate matter after a spring bloom in a shallow eutrophic lake
have shown that algae can account for up to 77% of POP (Selig et al. 2002).
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Orthophosphate, or DIP, has been shown to be the only directly available P source for
planktonic algae and bacteria. The rate and magnitude of P mobilization from particulate
compounds is highly variable depending on the mobilization mechanism involved (Bostrom et
al, 1988). Particulate P (PP) can be transformed into usable forms by naturally occurring
physical (e.g. desorption), chemical (dissolution), and biological processes (enzymatic
degradation). In freshwater environments similar to Lake Erie, immediately bioavailable DIP
makes up less than 10% of total P while PP comprises over 60% (Rigler, 1964; Hutchinson,
1957).
Responses of Microcystis to nutrient pulses from the sediment greatly depends on the
presence and bioavailability of sediment-bound phosphorous. My work focuses on the role of
particulate P in promoting cyanobacterial growth, testing the following hypotheses:
H1: Sediment resuspension releases PP into the overlying water.
H2: PP released through sediment resuspension is enriched in particulate organic
phosphorus (POP) relative to particulate inorganic phosphorus (PIP).

H3: POP stimulates growth of Microcystis, albeit at a lower rate compared to DOP
and DIP. Growth rates with PIP as the P source are expected to be the lowest.

To test H1 and H2, sediment cores from 2 sites in the western basin were subject to
erosion experiments to determine the amount and state of P released. H3 was tested in
laboratory growth experiments in which a Microcystis culture was exposed to dissolved and
particulate P sources, using a synthetic phosphorous-iron oxide (OX) complexes as a model for
particle-bound phosphorous. Previous studies on Microcystis growth responses have focused
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exclusively on dissolved P sources (i.e., inorganic vs organic P; e.g. Harke et al. 2012, 2016), but
not particle-bound P. This work therefore fills a knowledge gap in this important aspect of
harmful cyanobacterial blooms in Lake Erie and other shallow lake systems that suffer from
eutrophication. Our study highlights the connection between sediment resuspension and organic
particulate phosphorus usage as a key parameter in understanding the conditions that initiate
summertime Microcystis blooms in western Lake Erie.
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2. Methods
2.1 Field Work
2.1.1 Sampling Site and Sampling Procedures
In 2018 and 2019, triplicate sediment cores were taken from two sites in the western basin of
Lake Erie (WE08, WE04; Figure 1; Table 1). Station Western Erie 08 (WE08) is located about 4
km from the western shore and has a depth of 4 m. The benthos is comprised of soft mud
(personal observation). Station Western Erie 04 (WE04) is located 12 km offshore and has a
depth of 8 m. The benthos contains silt and sand. Sediment cores 1.5 m long with a 6.7 cm
inner diameter were obtained using a gravity corer (Benthos, Inc) connected to a shipboard
winch. After recovery, the cores were stored on deck and transported upright to the shore-based
laboratory. The cores contained ~10 cm of sediment and at least 15 cm of overlaying water with
no headspace, which minimizes sediment disturbance and turbulence during transport (Tolhurst
et al, 2000).

Figure 1: Locations of sampling sites (white circles) in the western basin of Lake Erie,
USA. Colors indicate water depths.
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Table 1: Sampling site locations, sampling dates, and depth.

Site

Lat

Long

2018
Sampling
Date

2019
Sampling
Date

Depth
(m)

WE04

41.8337

-83.1908

23 - Aug

19 - Jun

3

WE08

41.8342

-83.3639

21 - Aug

18 - Jun

6

2.1.2 Erosion Experiments
Sediment erosion experiments were started within 16 h of sediment core collection. This time lag
between sampling and start of the experiments is well within the time frame reported by Tolhurst
et al. (2000) who found no difference between sediment erosion thresholds measured in situ and
in the lab, even after a delay of 20 h. Sediment cores were fitted with a modified EROMES
laboratory erosion device in which bottom shear stress is generated by a propeller mounted 3 cm
above the sediment (Kalnejais et al., 2007; Figure 2). The rotation rate of the propeller was
increased incrementally until a shear stress of 0.33 N m-2 was reached. This was chosen as the
highest level because it is close to the naturally occurring stress on the benthos during a strong
summer storm in the lake (Moore, personal communication). Five to six stress increments were
applied for each experiment. Sieved sand and Shield’s erosion threshold curve were used to
calibrate the chamber as described in Kalnejais et al. (2007).
Water overlying the sediment cores were subsampled at the beginning of the experiment
and at each of the shear stress increments (i.e., 10 min after RPMs were increased to the higher
setting; Kalnejais et al., 2007). Water samples were taken from a collection beaker through
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which overlying water from the sediment cores was pumped by a peristaltic pump (set to a low,
constant setting). The beaker was placed on a magnet stirrer to mix the water and thus minimize
sedimentation of resuspended sediments in the beaker. A turbidity meter recorded water turbidity
in the beaker. A time series graph of turbidity was used to determine the critical shear stress for
sediment erosion as the point at which the turbidity increased significantly above a background
level (Figure 3, Tolhurst et al., 2000).
For sample analysis, 60 mL of the water in the beaker were withdrawn and replaced with
lake water filtered with a Whatman GF/F filter (0.6 µm mean pore size) collected from the same
site. The subsamples from each of the shear stress increments were immediately processed and
stored frozen for later analysis of particulate and dissolved P, cyanobacterial counts and alkaline
phosphatase activities as described in detail below (3. Analytical Procedures). Note that samples
for cell counts and enzyme activities were only taken during the 2019 experiments.

To Computer
Control Unit
Turbidity
Meter
Propeller Motor

Flow

Peristaltic
Pump
Flow
Sediment Core

Collection
Beaker

Figure 2: Experimental set up of the erosion experiments including EROMES erosion chamber,
peristaltic pump and a collection beaker (Kalnejais et al.,2007).
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150 RPM
0.18 N

250 RPM
0.34 N

50 RPM
0.03 N
200 RPM
0.26 N
100 RPM
0.10 N

Figure 3: Continuous (every 1 s) measurement of Turbidity over the course of the erosion experiment with core 1 from
WE08 in 2018. Steps of motor velocity are shown with corresponding shear stress. For this core, critical shear stress (𝜏crit)
-2

is 0.26 N m .
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2.2 Culture Experiments
A clonal, axenic seed culture of Microcystis aeruginosa (UTEX 3037) isolated from
Maumee Bay was obtained from the Culture Collection of Algae at the University of Texas
Austin. The seed culture was grown in low P BG-11 medium in a 250 mL glass Erlenmeyer flask
(Stainer et al., 1971). The modified BG-11 contained 3 mg L-1 P as KH2PO4. The culture was
maintained at 20o C under 170 µmol m-2 s-1 set to 12 h light/dark cycles. Growth was measured
every other day by means of in vivo Chl a fluorescence measured with a Turner Aquafluor
fluorometer.
The response of M. aeruginosa growth to DIP, PIP, DOP, and POP was investigated by
inoculating experimental cultures with the seed culture in modified BG-11 medium. For the DOP
treatment, 3 mg L-1 of para-nitrophenyl phosphate (pNPP) was used as a P source instead of the
KH2PO4 used for the maintenance cultures and the DIP treatments. pNPP is an organic phenol
ester commonly used to detect phosphatase activities and is common in biological experiments.
The treatments containing particulate P were amended with KH2PO4 or pNPP sorbed onto
a synthetic iron oxide (OX) (Bastin et al., 1999). The OX compound was synthesized by
dissolving 50 g of Fe2(SO4)3 • nH2O and 25 g of Ca(OH)2 in 50 mL deionized water while
stirring for 5 min. The suspension was dried at room temperature and the powder was
thoroughly crushed. PIP and POP were synthesized by mixing 2 g OX L-1 with 50 mL of
KH2PO4 and pNPP [200 mg P L-1], respectively, at 20o C for 24 h. Sorption capacities for PIP
and POP were calculated by filtering 5 mL of OX and P solution through a pre-combusted GF/F
filter, and the PP content on the filter analyzed according to Suzumura (2008) (see also 3.
Analytical Procedures). Both PIP and POP media was created by adding 3 mg L-1 P as the
respective OX complex to P free BG-11.
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All four experimental treatments of P had five replicates (Figure 4). Sterile 250 mL
polystyrene culture flasks with vented lids were filled with 200 mL of the respective growth
media. Each flask was inoculated with 4 x 107 cells from the seed culture at late exponential
phase. The appropriate amount of culture was removed, centrifuged at 8000 RPM for 5 min,
decanted, and rinsed with water to remove surface bound nutrients. This was repeated twice.
The resulting clean cells were used for inoculation. Duplicate controls of all four treatments
consisted of the respective medium and no cells. Controls were viewed under a microscope
twice a week to ensure sterility.
All cultures were grown at 20 C under 170 µmol m-2 s-1 set to 12 h light/dark cycles.
Agitation occurred for 20 min, twice a day. After day four, 4 mL of culture was removed every
other day for in vivo fluorometric analysis of Chl a, phycocyanin (PC), and phycoertyhtrin (PE)
pigments expressed as RFU (Turner Aquaflor). PC and PE are cyanobacterial accessory
pigments that allowed for multiple ways to asses growth. Growth rates were calculated by the
slope of the natural log of Chl a fluorescence vs. time during exponential growth (Monod, 1949).
On days 14 and 18, samples were taken to determine concentrations POP, PIP, and DIP as
described below (3. Analytical Procedures).
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Figure 4: Schematic of the culture experiment showing P sources and variables measured.

2.3 Analytical procedures
2.3.1 Phosphorous analysis
The methods of Aspila et al. (1976) were used to determine particulate phosphorus (PP),
PIP, and POP. This protocol operationally defines the PIP fraction as orthophosphate where POP
is largely organic P. For the analysis of PP, GF/F filters taken from the sediment overlying water
and the culture experiments were combusted at 500o C for 2 h and then placed in 1 molar HCl for
at least 16 h. For the analysis of PIP, another set of GF/F filters were treated with HCL without
prior combustion (Suzumura, 2008). After centrifugation at 10,000 RPM for 10 min, the
molybdenum blue method was used to spectrophotometrically (Shimadzu UV-1800) analyze
both extracts, as well as DIP (Strickland and Parsons, 1972). The limit of detection of the
instrument is 0.2 µM.
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POP concentrations were calculated as the difference between the PP and PIP (Shinohara
et al., 2016).

2.3.2 Cell counts
Cyanobacterial cells from the culture experiments were enumerated with a
hemocytometer under a compound light microscope. Cell counts from the 2019 erosion
experiments were obtained by means of flow cytometry (Gasol and Del Giorgio, 2000). 1.5 mL
of experimental water was removed from the collection beaker, fixed with 0.1% glutaraldehyde
(final concentration), and stored in liquid N2. Prior to analysis, suspended cells were stained
with SYBR Green I as a nucleic acid stain for 15 min on ice in the dark. Counts were performed
with a FACSCalibur flow cytometer (Becton-Dickson) using fluorescent microspheres
(Molecular Probes) of 1 µm in diameter as internal size standard. Data analysis was performed
using FloJo 7.6.1 software.

2.3.3 APAse activities
Alkaline phosphatase activity was measured in the overlying water during the 2019
erosion experiments and culture experiments, using the substrate analog 4-methylumbelliferyl
phosphate (4-MUF P; Sigma) following the method describes in Hoppe (1983). Simply, 364 µL
of 2.2 µM substrate solution was added to 3636 µL of sample solution in an acrylic cuvette. The
method is based on the interactions between naturally occurring enzymes and 4-MUF P.
Enzymes cleave the 4-MUF fluorophore from the complex which results in the increase of
fluorescence in the water. Two time points were taken at days 7 and 14 after inoculation during
the culture experiment, and for three turbidity levels during the 2019 erosion experiments.
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Fluorescence was measured on a Turner Biosystems TBS-380 solid-state fluorimeter
(em: 410-600 nm; ex: 300-400 nm). The linear relationship of fluorescence over time provides
the reaction rate of hydrolysis (i.e., the slope of curve). Hydrolysis rates are expressed as whole
water rates for the erosion experiments and the culture experiments.

2.4 Statistics
Growth rates are given as their statistical mean (n≥4) ± standard deviation. Differences
between groups of organic and inorganic as well as dissolved and particulate along with their
combined effect were assessed using and analysis of variance (three-way ANOVA) with a post
hoc comparison shown as a connecting letters report. A significance level of 5% (0.05) was used
unless otherwise stated. All analyses were performed in MATLAB (Mathworks)
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3

Results

3.1 Erosion Experiments
3.1.1 Western Lake Erie site 04 (WE04)
In 2018, there were 2 clear resuspension events at WEO4 (Figure 5A). Both events were
correlated with wind speed (Figure 6A). All cores from WE04 exceeded relative turbidities of
200 NTU (Figure 7A). Critical shear stresses for erosion (𝜏crit) were 0.18, 0.10, 0.18 N m-2
respectively (Table 2). At shear stresses ≥ 0.18 N m-2, the cores released > 1.5 µM of DIP, that
did not show a significant correlation with turbidity (Table 3). In contrast, POP levels in the
sediment overlying water were positively correlated with turbidity (r2=.35, p<0.05, Table 3),
exceeding concentrations of 5 µM at the end of the erosion experiments (Fig 7A).

Cores

released at maximum 6 µM PIP at shear stresses exceeding 0.18 N m-2 (Figure 7A).
In 2019, WE04 cores produced lower relative turbidities than in 2018 (maximum 250
NTU, Fig 8A). Critical shear stresses were 0.18 N m-2 for all three cores (Table 2). There was no
trend in DIP release from WE04 in 2019 (Fig 8A). DIP levels in the overlying water remained
below 0.5 µM. POP increased with shear stress, reaching up to 14 µM at the end of the
experiments. PIP concentrations reached 15 µM at the maximum shear stress of 0.34 N m-2 .
Both POP and PIP showed significant positive correlations with turbidity (Table 3). Quality
checked timeseries data was not available for 2019.
The concentration of suspended autotrophic cells at WE04 in 2019 ranged from 0 – 10 x
105 cells mL-1 and was significantly correlated to turbidity (r2=0.97, p<0.001, Figure 9A). Whole
water APA ranged between 173 and 5004 nM hr-1 , showing an increasing trend with shear
stress. This trend was not significantly correlated with turbidity (p=0.50, Fig 10A). Percent
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organics of 2018 WE04 cores was 1.58 ± 0.99 % (average ± standard deviation) and 2019 cores
was 0.72 ± 0.29%.

3.1.2 Western Lake Erie site 08 (WE08)
In 2018, there were 3 clear resuspension events at WEO8 (Figure 5B). Events were
correlated with wind speed (Figure 6B). At site WE08 in 2018, 𝜏crit values were 0.26, 0.34, 0.26
N m-2 for each core respectively (Table 2). There was no observable trend in DIP release and
levels remained at or below 1 µM (Fig 7B). DIP was not significantly correlated to turbidity
(Table 2). Site WE08 released less than 2 µM PIP during the time course of the erosion
experiment, except for one core that released 7 uM at 0.34 N m-2. PIP from WE08 was
significantly correlated with turbidity (r2=.71, p<0.05, Table 2). POP remained at or below 5 µM
consistently, aside from one core that released 12 µM POP at 0.03 N m-2.
In 2019, two cores had 𝜏crit values of 0.18 and one 0.26 N m-2 (Table 2). Less than 2 µM
DIP was released until the end of the erosion experiment (Fig 4B). POP increased with shear
stress and exceeded 40 µM at 0.34 N m-2 (Figure 8B). All cores also exhibited an increase in PIP
with increasing shear stress, reaching max PIP levels of 23 µM at 0.26 N m-2. POP and PIP were
significantly correlated with turbidity (Table 2).
The concentration of resuspended autotrophic cells at WE08 in 2019 ranged from 0 – 11 x 105
cells mL-1 (r2=0.97, p<0.001, Figure 5B). Whole water APA ranged between 150 and 6730 nM
hr-1 with increasing shear stress but was not significantly correlated with turbidity (p=0.39,
Figure 10B). Percent organics of 2018 WE08 cores was 1.16 ± 0.36 % and 2019 cores was 1.36
± 0.29%.

15

A) WE04 2018

B) WE08 2018

Figure 5: Turbidity as a function of time for A) WE04 (n=12,232) and B) WE08 (n=14,592) during the summer of
2018. Color of data points indicates the calendar month of observation. Observations recorded every 15 min via
NOAA GLERL Monitoring Buoys at each location.

A) WE04 2018

B) WE08 2018

Figure 6: Turbidity as a function of windspeed for A) WE04 (n=12,232) and B) WE08 (n=14,592) during the
summer of 2018. Color of data points indicates the calendar month of observation. Observations recorded every 15
min via NOAA GLERL Monitoring Buoys at each location.
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A) WE04 2018

A) WE08 2018

Figure 7: Turbidity, DIP, POP, and PIP as a function of shear stress at A) WE04 and B) WE08 in 2018.

17

A) WE04 2019

A) WE08 2019

Figure 8: Turbidity, DIP, POP, and PIP as a function of shear stress at A) WE04 and B) WE08 in 2019.
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A) WE04 2019

B) WE08 2019

-1

Figure 9: Concentration of autotrophic cells (Cells mL ) as a function of shear stress at A) WE04
and B) WE08 in 2019.
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A) WE04 2019

A) WE08 2019

-1

Figure 10: Alkaline phosphatase hydrolysis rates (nM hr ) as a function of shear stress at A) WE04 and
B) WE08 in 2019.
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Table 2: Critical shear stress (𝜏crit) for cores from both sites in 2018 and 2019

Site

WE04

WE08

Core #

2018 𝜏crit (N m-2)

2019 𝜏crit (N m-2)

1

0.18

0.18

2

0.10

0.18

3

0.18

0.18

1

0.26

0.18

2

0.34

0.18

3

0.26

0.26

Table 3: Regression statistics of P species vs. turbidity from each site in 2018 and 2019. Bolded values with a *
indicate a significant correlation

Site

WE08

2019

WE04

WE08

2018

WE04

Year

P Species

r2

p Value

PIP

.01

0.69

POP

.35

<0.05*

DIP

.23

0.053

PIP

.71

<0.05*

POP

.09

0.26

DIP

.12

0.20

PIP

.73

<0.05*

POP

.65

<0.05*

DIP

.07

0.35

PIP

.73

<0.05*

POP

.34

<0.05*

DIP

.01

0.73
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3.2 Culture Experiments
The sorption capacities of the iron oxide with KH2PO4 and pNPP were 70 mg P g-1 OX
and 50 mg P g-1 OX, respectively.
All cultures except for one grew with DIP as the P source (Figure 11). One replicate was
excluded from the calculation of growth rates. The remaining four replicates showed growth over
14 days with average growth rate of 0.36 ± 0.01 d-1 (average ± standard deviation, n=4, Table 4,
Figure 23). PC fluorescence reached 32 RFU and PE fluorescence reached 2003 RFU (Figure
12) while maximum measured cell density was 2.2 x 107 cells mL-1 (Figure 13).
Microcystis amended with PIP had measurable growth until day 14 when one of the
replicate inoculums reached stationary growth (Figure 14). One flask stopped exponential growth
at day 14 while the others ceased on day 16. The average growth rate was 0.19 ± 0.01 d-1 (n=5,
Table 3). PC fluorescence reached 13 RFU and PE fluorescence reached 433 RFU (Figure 15)
while maximum measured cell density was 4.2 x 106 cells mL-1 (Figure 16).
Four out of five cultures containing DOP had exponential growth (Figure 17). Growth
stopped anywhere from 12 – 20 days after inoculation. The growth rate was 0.22 ± 0.03 d-1
(n=4, Table 3). PC fluorescence reached 11 RFU and PE fluorescence reached 243 RFU (Figure
18) while maximum measured cell density was 3.2 x 106 cells mL-1 (Figure 19).
All of the cultures with POP as a P source grew. One culture ceased at 14 days and the
others at 18 days after inoculation (Figure 20). The growth rate was 0.21 ± 0.02 d-1 (n=5, Table
3). PC fluorescence reached 0.43 RFU and PE fluorescence reached 274 RFU (Figure 21) while
maximum measured cell density was 5.2 x 106 cells mL-1 (Figure 22).
A three-way ANOVA found that the effect of P state (dissolved or particulate), species
(organic or inorganic) as well as the compound effect of state*species had a significant effect on
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growth rate (Fig 11, p<0.01). A comparison of growth rate least square means by way of
connecting letter report can be found in table 3.
APA activity was significantly higher (students t-test, p<0.01) in in the POP cultures 14
days after inoculation (31.92 ± 2.33 nM hr-1) than 4 days (16.09 ± 1.00 2.33 nM hr-1) after
inoculation. There was not a significant change in APA activity in the DOP cultures.
The duplicate controls of all treatments did not show any growth. Also, there was not a
significant change in the P sources due to abiotic breakdown (p>0.3, Table 5).

A

B

Figure 12: Fluorescence (RFU) of the A) PC and B) PE pigments of the DIP cultures.
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-1

Figure 13: Cell counts (Cells mL ) during growth phase of the DIP cultures.
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A

B

Figure 14: A) Chla fluorometry (RFU) over time in the PIP cultures. B) Plot of the natural log of Chla RFU
over time. The solid lines are the best-fit line of exponential growth used to calculate growth rate.

A

B

Figure 15: Fluorescence (RFU) of the A) PC and B) PE pigments of the PIP cultures.
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-1

Figure 16: Cell counts (Cells mL ) during growth phase of the PIP cultures.

A

B

Figure 17: A) Chla fluorometry (RFU) over time in the DOP cultures. B) Plot of the natural log of Chla RFU over time. The
solid lines are the best-fit line of exponential growth used to calculate growth rate.
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A

B

Figure 18: Fluorescence (RFU) of the A) PC and B) PE pigments of the DOP cultures.

-1

Figure 19: Cell counts (Cells mL ) during growth phase of the DOP cultures.
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A

B

Figure 20: A) Chla fluorometry (RFU) over time in the POP cultures. B) Plot of the natural log of Chla RFU over time.
The solid lines are the best-fit line of exponential growth used to calculate growth rate.

A

B

Figure 21: Fluorescence (RFU) of the A) PC and B) PE pigments of the POP cultures.
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-1

Figure 22: Cell counts (Cells mL ) during growth phase of the POP cultures.

A

B

BC

C

-1

Figure 23: Growth rates (d ) for each P source. Error bars represent ± one standard deviation. Levels that do not share a
letter have significantly different means.
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Table 4: Connecting letters report detailing significant differences of means. Levels that do not share a letter have
significantly different means.

Treatment

DIP
DOP
POP
PIP

Connecting
Letters

Mean
Growth
Rate
(d-1)

Std
Dev

Lower
95%

Upper
95%

A
B
BC
C

0.36
0.22
0.21
0.19

0.01
0.03
0.02
0.01

0.33
0.20
0.19
0.17

0.38
0.24
0.23
0.21

Table 5: Change in source P concentration over 14 days. P value from students t-test.

Day 7 (uM)

Day 14 (uM)

p

DIP

33.18

36.57

0.38

PIP

45.92

41.43

0.67

POP

2.97

2.21

0.89
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4 Discussion
The goal of this work was to quantify the amount of P released from the sediment in the
western basin of Lake Erie during sediment resuspension events and determine if Microcysits
can use these non-DIP sources, specifically PP, to grow. We combined field work and
laboratory culture experiments to investigate our hypotheses that 1) sediment resuspension
releases PP into the overlying water, 2) PP released through sediment resuspension is enriched in
particulate organic phosphorus (POP) relative to particulate inorganic phosphorus (PIP) and 3)
POP stimulates growth of Microcystis, albeit at a lower rate compared to DOP and DIP.
All cores at both sites released PP at higher levels than DIP. WE08 always had higher
overall levels of DIP, POP, and PIP (Figure 7, 8). Residence times in excess of 50 days and a
higher influence of Maumee River discharge could explain these increased levels of dissolved
and particulate P in the sediment (Michalak et al., 2013). This could also explain why WE08
was enriched in POP while WE04 had levels of PIP and POP below 15 µM . This does not
correlate with the highest 𝜏crit values at WE08. Even more, WE08 specifically had higher 𝜏crit
values in 2018 when nutrient release was highest. This suggests 𝜏crit values alone are not good
indicators of potential nutrient release and that other factors such as season and timing of
resuspension events are more important.
This idea is supported by seasonal shifts in other measured parameters. The 2018 cores
from WE04 produced higher turbidities than WE08 cores (Figure 7). In 2019 the WE08 cores
produced more turbidity (Figure 8). Since the 2018 sampling occurred in the late summer,
numerous resuspension events could have concentrated the light alluvial sediment in zones of net
deposition towards the center of the western basin (Kemp et al., 1977). Even in offshore
locations, over 80% of sediment comes from the nearshore environment (Matisoff and Carson
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2013). Lateral transport of resuspended sediment from WE08 to WE04 could explain why in
2018 WE04 produced higher turbidities. Also, WE04 was significantly correlated to POP while
PIP was significantly correlated at WE08. The organic particulate matter could have
concentrated in the center of the basin closer to WE04. Sampling in 2019 occurred in early
summer so the alluvial sediment deposited by the Maumee could still have more evenly spread.
This is reflected in the 2019 turbidities where WE08, which receives more deposition from the
Maumee, produces more turbidity. Also, a more uniform distribution of particulate matter is
supported by the observation that POP and PIP is correlated with turbidity at both sites in 2019.
Also supporting this idea, in 2018 when sampling occurred in late August, WEO4 sediment had
a higher organic content than WE08. In 2019 when sampling occurred in June, WE08 sediment
had a higher organic content. Differences in depth and sediment characteristics could explain
some differences in nutrient release.
Each core exhibited an increase in APA with increasing shear stress, but the relationship
was not correlated to turbidity (Figure 10). This increase in APA activity could be caused by
resuspension of prokaryotes found in the sediment rather than the simple presence of PP exciting
a phosphatase response (Haglund et al., 2003).
Up to 97% of the change in autotrophic cell concentration in the erosion chambers was
explained by increases in turbidity. Although this study could not differentiate between living
and dead cells, others have shown that viable Microcystis cells have been found in the sediment
of Western Erie in concentrations of up to 109 cells g-1 sediment (Kitchens et al., 2018).
The levels of DIP released from the sediment are consistent with previous studies of
productive environments during resuspension events (Percuoco et al. 2015). Levels of PP
observed from resuspension are similar to those of Baker et al. (2014) who measured levels of
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PP in the Maumee River discharge during high flow and thus high levels of resuspension. This
introduction of P along with the increased levels of APA have the potential to significantly
increase the amount of bioavailable P in the water column. Previous studies have demonstrated
that sediment resuspension enhances microbial dynamics and enzymatic activities in bottom
waters (Chrost and Riemann, 1994; Cotner, 2000; Ritzrau, 1996; Ritzrau and Graf, 1992). The
increase in nutrients and enhanced enzymatic activity has been shown to adequately meet P
demands of phytoplankton in other shallow eutrophic lakes that experience frequent sediment
resuspension (Chao et al., 2017). To test whether Microcystis can utilize the resuspended P, we
conducted monoculture growth experiments with different sources of P.
The culture seed used (UTEX 3037) for our culture experiments was isolated from
Maumee Bay in the Western Basin. The strain is known to produce microcystins and is
representative of the Microcystis blooming during the summers at the study sites. The growth
rates we observed for our treatments were all within the range of previously reported findings
that used BG-11 to culture single cell Microcystis (Wilson et al., 2006; Long et al., 2001). As
expected, DIP growth rate was the highest. Dissolved inorganic phosphorus, most commonly
found as orthophosphate, is the preferential source of P for most phytoplankton. DOP had the
second highest growth rate, although it was significantly less than the DIP growth rate.
Microcystis is known to access the organic P pool using the Alkaline Phosphatase enzyme, and
our observed growth rates are similar to Microcystsis growth rates using DOP (Shen and Song
2007). Since the process is enzymatic, it is more energetically costly to incorporate P this way,
thus it is less preferential (Young et al., 1982).
It must be noted that what we are terming POP is not truly a particulate organic particle.
It is the organic ester pNPP sorbed onto the inorganic OX. Our data show attachment to an
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inorganic molecule slightly lowers the availability to the Microcystis, but growth still occurred.
We believe the sorption blocks some active sites to which the phosphatase enzymes attach, and
this causes the slightly lower growth rate. By tethering the soluble substrates to OX, we sought
to investigate the consequences of reduced mobility for substrate hydrolysis, a situation that may
be analogous to sorption of dissolved organic matter (DOM) to surfaces (Ziervogel et al., 2007).
Sorbed enzymes are believed to play important roles in organic matter remineralization in
terrestrial (Sollins et al., 1996) as well as aquatic systems (Wetzel,1991; Tietjen and Wetzel,
2003). Our results agree with previous studies where substrate hydrolysis was most rapid in the
free enzyme/free substrate case, whereas sorption of the enzyme slowed the time course of free
substrate hydrolysis (Ziervogel et al., 2007).
The growth rate of cultures amended with PIP was the lowest. We expected the PIP rate
to be the lowest, but there was still more growth than expected. PIP is known to be inaccessible
to biological organisms, although it is possible the was some desorption small enough to be
undetectable by the spectrophotometer but could fuel growth (Sonzogni et al., 1982). There
were no significant changes in the measured PIP in the culture.
Here we have shown that sediment resuspension in Lake Erie can release levels of POP
that stimulate growth. The amount of P release is higher at the nearshore site WE08 than at the
offshore site WE04. We have also shown that the Microcystis found in the Western Basin of
Lake Erie can use the resuspended POP to grow under culture conditions. In the mid to late
summers when cyanobacteria blooms are most intense and DIP is limited, summer storms can
resuspend the sediment at the lake bottom. Matisoff and Carson (2013) determined that up to
97% percent of sediment resuspended in Lake Erie is from the nearshore. We show that these
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are the areas with the highest bioavailable POP. These high levels of resuspended P have to
ability to stimulate the summer blooms of Microcystis seen in the western basin of Lake Erie.
It is likely that internal loading of P by sediment resuspension can fuel harmful blooms in
other freshwater systems around the world. The case presented here is an investigation of a large
shallow lake plagued by eutrophication. Even in small lakes, an event such as a fall overturn can
introduce nutrients that could possibly initiate a bloom (Nurnberg,1998).
In the face of a changing climate, these wind-driven resuspension events are expected to
become even more common (Niemisto et al, 2019). Increases in the frequency and intensity of
resuspension events due to climate change will most likely enhance the internal nutrient loading
of shallow lakes and coastal waters (Niemisto et al, 2019). Decision makers may need to shift
focus to controlling sediment resuspension to decrease harmful blooms as particulate P has the
possibility to stimulate blooms along with dissolved P .
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